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Open access under CC BYWe report the presence of coenzyme factor 430 (F430), a prosthetic group of methyl coenzyme M reduc- 
tase for archaeal methanogenesis, in the deep sub-sea ﬂoor biosphere. At 106.7 m depth in sediment col- 
lected off Shimokita Peninsula, northwestern Paciﬁc, its concentration was estimated to be at least 
40 fmol g sediment 1 (i.e. 36 pg g1 wet sediment). This is about three orders of magnitude lower than 
typical concentrations of archaeal intact polar lipids in similar sub-seaﬂoor sediments. On the basis of 
the concentration of F430 in methanogens and conversion to biomass composed of typical sub-seaﬂoor
microbial cells, we estimated that ca. 2  106 cells g1 could be methanogens in the deeply buried marine 
sediment.
 2013 Elsevier Ltd.   Open access under CC BY-NC-ND license.1. Introduction 
Methanogen ic archaea (methanogens) are a phylogenetical ly 
diverse group of strictly anaerobic Euryarchaeota . They grow with 
enzymatic formatio n of CH 4 from H2 plus CO 2, acetate, or other C1
compounds , i.e. MeOH, MeNH 2 (e.g. Balch et al., 1979; DiMarco 
et al., 1990; Ferry, 1992; Thauer, 1998; Liu and Whitman, 2008 ).
They play an important role in the global carbon cycle because of 
their large contribution to global CH 4 (< 600 Tg CH 4 year1) in both 
terrestrial and marine environments (e.g. Reeburgh, 2007; Ferry 
and Lessner, 2008; Thauer et al., 2008; Conrad, 2009 ). Since the 
discovery of coenzyme factor 430 (F430) in methanogenic archaea 
(Gunsalus and Wolfe, 1978 ), it has been recognized as the pros- 
thetic group of methyl coenzyme M reductase (MCR) and is a key 
component in the process of CH 4 generation (Diekert et al., 1981;
Ellefson et al., 1982; Rouviere and Wolfe, 1988; Ermler et al.,
1997). Diekert et al. (1981) reported that the cellular concentratio n
of F430 in methano gens, including Methanobac terium thermoauto- 
trophicum strains (i.e. Methanothe rmobacter marburgens is ), Methan-
obrevibacter smithii , Methanococc us vannielii , Methanospiri llum 
hungatii (i.e. Methanospirillu m hungatei ) and Methanosarci na barkeri 
is as high as 800 nmol g1 dry cell. Recent investiga tions of the 
anaerobic oxidation of CH 4 reveal that anaerobic methanotro phic eosciences, Japan Agency for 
shima, Yokosuka 237-0061,
o), nohkouchi@jamstec.go.jp
-NC-ND license.archaea-2 (ANME-2) and ANME-1 also utilize F430 and a modiﬁed
form of F430, respectively (Krüger et al., 2003; Mayr et al., 2008;
Shima et al., 2012 ; cf. reversed methano genesis pathway, Hallam
et al., 2003; Scheller et al., 2010 ).
Coenzyme F430 is a yellow non-ﬂuorescent Ni porphinoid with 
ﬁve carboxyl groups (Fig. 1A ). Its labile character is caused by the 
presence of the carboxyli c groups and the essential trace element 
(Ni), as well as its photochemical behavior. The resulting poor pres- 
ervation potential may therefore enable estimation of methano- 
genic or methanotro phic potential and activity of living 
methano gens in sedimentar y environm ents where F430 would se- 
lect for live methanogens. To validate a methanogenic molecula r
signature , we conducted a mass spectrometry (MS) analysis for 
F430 in a deep marine sediment.2. Materials and methods 
The sample (100 g wet wt.) was collected from 106.7 m below 
the seaﬂoor (core section 12-4) off Shimokita Peninsula (Japan)
in the northweste rn Paciﬁc, during the D/V Chikyu cruise CK06- 
06 (Aoike, 2007 ). Total organic carbon (TOC) content of nearby sed- 
iment (core section 12-4) was 1.91 wt.% (Kobayashi et al., 2008 ).
Based on porewater analysis, sulfate was only detectable at sedi- 
ment depth < 5 m (Tomaru et al., 2009 ). Our sample was therefore 
from well below the sulfate–methane transition zone. As a refer- 
ence standard, we isolated F430 from an archaeal methanogen 
(code MBK) cultured by Sumitom o Heavy Industry, Ltd. (Yokosuka,
Japan). For 16S rRNA of the methanogen, DNA extraction and PCR 
(A)
(B)
Fig. 1. (A) structure of coenzyme F430 from methanogenic archaea; (B) methan- 
ogen consortium (code MBK), showing relative abundance of Methanosaeta,
Methanomicrobiales , Methanobacterium and C2, C3.
(A)
(B)
Fig. 2. MALDI-TOF-MS analysis of F430 from (A) a methanogen consortium (code
MBK, see also Supplementary information ), and (B) a marine sediment, off 
Shimokita Peninsula, northwestern Paciﬁc (106.7 m below seaﬂoor; sample CK06- 
06, core section 12-4).
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conﬁrmed the methanogen assemblage (Fig. 1B ) and identiﬁed
their mcrA genes (Supplementary informat ion ).
For extraction and separation of F430, the methods of Krüger
et al. (2003) and Mayr et al. (2008) were improved. Brieﬂy, the 
methanogen cell material (< 20 g wet wt.) and the marine sedi- 
ment (100 g wet wt.) were homogenize d (3 min) using a blade 
blender (Panasonic, MK-K48P -W) with double volume (< 40 ml 
for methanogen; 200 ml for sediment) of 50 mM MOPS (3-N-mor-
pholinoprop ane sulfonic acid) buffer (Wako Pure Chemical Indus- 
tries, Ltd.; pH 7 in distilled water). The homogenized sample was 
transferred to a Teﬂon vessel for ultrasonicat ion (15 min). After 
centrifuging (>1100 g, >10 min), the supernatant was recovered.
The procedure was repeated at least 2, until the supernatant 
was colorless . Next, we used double the volume of 1% HCO 2H
(pH 2 in distilled water) for F430 extractio n via ultrasonication 
(15 min; cold bath, crushed ice). After centrifugation to separate 
the solid/liquid phases, we recovered the liquid fraction and re- 
peated the procedure. The supernatant from both centrifugation 
steps was combined and centrifuged again to precipitate the sus- 
pension, prior to column chromatography .
To separate the F430 fraction from the extracts using two-step 
open column chromatography , we used the ion exchange resin Q
Sepharose Fast Flow (particle size, ca. 90 lm; GE Healthcare, Ltd.)
and the reversed phase resin SERDOLIT PAD I (100–200 lm; Serva 
Electrophor esis, Ltd.). The Q Sepharose Fast Flow column had been 
equilibrated overnight in 50 mM Tris/HCl (pH 7.5). Prior to use, the resin was washed with 15 ml (3 bed volumes) distilled water. The 
F430 fraction was applied gently, eluted with 5 mM HCO 2H and the 
eluted fraction recovered . The SERDOLI T PAD I column resin had 
been equilibrated overnight in 10 mM HCO 2H. The fraction from 
the previous ion exchange chromatogr aphy was applied gently.
The color of the column resin (5 ml) turned slightly yellow, while 
the eluted drop was colorless. The adsorbed yellowish material 
was gently eluted with 2 bed volumes of MeOH (10 ml) and recov- 
ered. This F430 fraction was dried under a gentle N2 ﬂow, dissolved 
in MeOH and ﬁltered using a 0.20 lm PTFE cartridge ﬁlter. The iso- 
lated fraction was stored in the dark at 20 C until analysis.
We analyzed both of the F430 fractions using matrix-assisted 
laser desorption/i onization time-of-ﬂight MS (MALDI-TOF-MS;
4800 Proteomics Analyzer, Applied Biosystem s/MDS Sciex) with 
a-cyano-4-hyd roxycinnamic acid in 70% (v/v) MeCN and 0.1% (v/
v) CF 3CO2H as matrix (e.g. Ettwig et al., 2008; Mayr et al., 2008 ).3. Results and discussion 
Fig. 2 shows the MALDI-TOF-MS results for the F430 fraction.
The fraction from the cultured methano gen indicated that the 
molecula r mass for F430 (m/z 905.287; Fig. 2A ) was virtually iden- 
tical to the expected mass (calculated exact mass, 905.286 as C42-
H51N6O13Ni; cf. Mayr et al., 2008 ). The spectrum revealed F430 
with a main mass at 905 Da and typical isotopomeric intensities 
for Ni (e.g. Krüger et al., 2003 ). Fig. 2B shows the detection of 
F430 from the deep marine sediment sample (106.7 m below sea- 
ﬂoor). The concentr ation in the sediment was estimated using 15N
labeled F430 as internal standard (Ettwig et al., 2008 ) for MALDI- 
TOF-MS, being at least 40 fmol g1 wet sediment (i.e. 36 pg g1
wet sediment).
A global plot of intact polar lipids (IPLs) vs. TOC gave a positive 
correlation, Lipp et al. (2008) reporting a concentratio n of IPLs in 
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(TOC > 1 wt.%) on average (total range 12–16,000 ng ml 1). Conse- 
quently, the F430 concentratio n in this sediment and typical archa- 
eal IPL concentr ation in sediment with similar TOC concentratio n
differ potential ly by three orders of magnitude or more.
If we refer to Diekert et al. (1981) for a concentratio n of F430 in 
methanogens , the average value of 580 ± 240 nmol g1 dry meth- 
anogen cell (n = 7) is about 0.5 mg g1 dry methanogen cell.
Assuming that this value is applicable for a wide range of cell size,
we estimated the amount of methanogenic biomass in the subsea- 
ﬂoor sample and converte d the value to a concentr ation of typical 
small subseaﬂoor microbial cells. Accordingly , the concentratio n of 
36 pg g1 of F430 would translate to 72 ng g1 for methanogen bio- 
mass (2000 for conversion, on the basis of Diekert et al., 1981 ). A
typical subseaﬂoor cell is 18 fg C or ca. 2 for biomass, i.e. 36 fg dry 
mass (Lipp et al., 2008 ; Supplement ary information and references 
within). Accordingly ca. 2  106 cells g1 could be methanogens in 
our sample if the recovered F430 were to represent only live cells.
It should be noted that the microbial cell abundan ce was of the or- 
der of 10 7 cells ml 1 in the same core section (Morono et al., 2009 ).
Conventional molecular analysis of the same CK06-06 sample 
revealed many archaeal 16S rRNA gene sequence s and diverse 
community members within the Crenarchaeo ta and Eur- 
yarchaeota, including Miscellaneo us Crenarchaeo tic Group 
(MCG), Marine Euryarchaeota Group II (MGII), and South African 
Gold Mine Euryarchaeotic Group (SAGMEG) in the sediment, while 
methanogens (i.e. Methanococcus spp.) were a minor constituent 
from this approach (Masui et al., 2008 ). A metagenom ic approach 
by Biddle et al. (2008) also suggested that genes in the methano- 
genesis pathway accounted for 1.4% of those ampliﬁed from Peru 
Margin sediments (< 50 m below the seaﬂoor), whereas unculti- 
vated Crenarchaeo ta were major groups. From a compilation of 
16S rRNA gene studies by Fry et al. (2008), known methanogens 
constituted a small proportion (ca. 0.1%) of the benthic prokaryotic 
community in the deep sub-seaﬂoor biosphere.
The presence of living methano gens was conﬁrmed, however,
from a culture study using the same deep sea sediment (CK06-
06, 106.7 m below seaﬂoor; e.g. Methanobac terium, Methanococc o- 
ides and Methanos arcina ; Imachi et al., 2011 ). Our analysis of F430 
is therefore consisten t with the result of the culture experiment of 
Imachi et al. (2011), while being more sensitive than 16S rRNA 
clone detection of methano gens. Since our sample was well below 
the sulfate–methane transition zone, the identiﬁed F430 presum- 
ably reﬂects deep methanogeni c archaea rather than methano- 
trophic archaea.
Considering the uncultured benthic archaeal lineage (e.g. Teske
and Sørensen, 2008 ) and unconﬁrmed phylogenic proportion of 
sedimentary methanogens (e.g. Fry et al., 2008; Valentine, 2011 ),
we suggest that the methano gens form an unknown fraction of 
the prokaryo tic assemblage in sub-seaﬂoor sediment off Shimokita 
Peninsula (cf. 13C and 15N stable isotope assimilation experiments 
of Morono et al., 2011 ). To our knowledge, this is the ﬁrst study 
reporting F430 in a methano genic environment in the deep sub- 
seaﬂoor biosphere. Further studies on the spatial and vertical dis- 
tributions of F430 in the sedimentary column could potentially 
provide crucial information on sub-seaﬂoor biological methano- 
genic processes .
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